Cobalt is a waste product in many industrial processes and its most common radioactive isotope -60 Co -is a by-product of nuclear reactors. To better understand the mobility and fate of Co in natural and contaminated environments we investigated Co sorption behaviour to the common soil and sediment constituents ferrihydrite, kaolinite, humic acid (HA), and ferrihydrite-HA and kaolinite-HA organo-mineral composites using sorption batch experiments, synchrotron X-ray absorption spectroscopy (EXAFS), and scanning transmission electron microscopy (STEM). We measured the sorption of Co to the end-member mineral and organic phases and the composites as a function of pH, ionic strength and Co concentration, and also for the composites as a function of organic carbon concentration, with composites made containing a wide range of organic carbon contents. We then determined the molecular mechanisms of Co sorption to the end-member phases and the composites, and used this information to develop molecularly constrained thermodynamic surface complexation models to quantify Co sorption. Sorption to the ferrihydrite-HA and kaolinite-HA organo-mineral composites was found to be intermediate to both of the end-member phases, displaying enhanced sorption respective to the mineral end-member phase at midlow pH. EXAFS analysis shows that there is a universal sorption mechanism accounting for Co sorption to the end-member mineral and organic phases and the organo-mineral composites at mid-high pH, in which Co sorbs to these phases via innersphere bidentate binuclear surface complexes. At mid-low pH, sorption to all the phases except ferrihydrite is the result of outer-sphere complexation. Our new molecularly constrained thermodynamic surface complexation models for Co sorption to ferrihydrite, kaolinite, HA, and ferrihydrite-HA and kaolinite-HA organo-mineral composites, show that Co sorption to the composites cannot be modelled assuming linear additivity of Co sorption to the end-member phases.
INTRODUCTION
Cobalt can be released into the environment as a heavy metal from a variety of industrial sources, including coal power plants, vehicle emissions and through metal production (Gál et al., 2008) , and as a radionuclide, most commonly as 60 Co, present in the cooling water of nuclear reactors, or in radioactive waste, decaying via ionising gamma radiation with a half-life of $5 years. Cobalt most commonly occurs in the environment as the Co 2+ ion, which is highly soluble in water and so potentially very mobile. In low concentrations Co is an essential nutrient but too high concentrations can result in insufficient plant chlorophyll production and death (Hewitt, 1953) . The potential environmental harm posed by both stable and radioactive isotopes of Co means that it is important to understand how Co interacts with soil constituents in order to predict Co mobility and fate and develop soil remediation methods.
Soils contain a complex mixture of components including primary and secondary minerals and organic materials in varying proportions, but it is interactions with relatively low abundance, high surface area phases such as iron (hyr) oxides, clays and humic substances that typically control the sorption behaviour, and thus the mobility, of many divalent metal cations in soils, including Co (Sparks, 1995) . A common approach to understanding Co sorption behaviour has therefore been to study its sorption to separate mineral or organic phases (e.g., Ainsworth et al., 1994; Angove et al., 1998; Alvarez and Garrido, 2004) . More recently, however, the sorption behaviour of metal cations in different physical mixtures and chemical composites of common soil minerals (such as kaolinite, Ka, and ferrihydrite, Fh) and organic materials has been investigated in an attempt to approach the complexity expected in natural soil environments (e.g., Zhu et al., 2010; Peacock, 2012, 2013; Otero Fariñ a et al., 2018) .
Macroscopic Co sorption behaviour to the iron (hydr) oxide Fh has been well documented (Forbes et al., 1976; Schenck et al., 1983; Ainsworth et al., 1994; Kanungo, 1994; Landry et al., 2009) with sorption occurring over a narrow pH range from $5.5 to $7 (Ainsworth et al., 1994; Landry et al., 2009 ) below which there is minimal to no sorption, and above which sorption reaches 100% of Co concentrations tested. In particular, Landry et al. (2009) reports no significant difference in sorption behaviour with changes in Co concentration and sorbate/sorbent ratio (with Co concentration from 10 À4 to 10 À6 mol L À1 and solid/solution from 2 to 5 g L À1 ) or ionic strength (between 10 À3 and 10 À1 mol L À1 NaNO 3 ). On the other hand, Kanungo (1994) finds that increasing Co concentration from 4.1 Â 10 À5 to 2.0 Â 10 À4 mol L À1 does shift the sorption edge to higher pH values. In order to quantify the distribution of Co between the mineral and solution phases, Ainsworth et al. (1994) and Landry et al. (2009) fit the majority of their sorption data to a thermodynamic surface complexation model that invokes monodentate Co surface complexation to both strong and weak FeOH sorption sites. Despite these macroscopic observations and modeling inferences, however, there are no direct spectroscopic observations of Co sorption on any of the iron (hydr)oxides, and the local sorption environment of Co on Fh is still unconstrained.
Macroscopic Co sorption behaviour to the 1:1 phyllosilicate clay mineral Ka has also been studied extensively (Spark et al., 1995; Angove et al., 1998; Landry et al., 2009) . A two-stage sorption process is observed. In the first stage, sorption generally increases between pH 4 and 5.5 (Spark et al., 1995; Angove et al., 1998; Landry et al., 2009) , then remains relatively stable between pH 5.5 and 6.5, and is highly dependent on ionic strength (Spark et al., 1995; Landry et al., 2009) with complete inhibition at 10 À1 mol L À1 background electrolyte (Spark et al., 1995) . Given the ionic strength dependence, this low pH sorption behaviour is attributed to complexation of Co 2+ to the Ka siloxane faces until these sites become saturated (Spark et al., 1995; Angove et al., 1997; Angove et al., 1998) and it can be modelled by invoking non selective cation exchange involving permanent negative charge on the siloxane sites (Angove et al., 1998) . This is consistent with spectroscopic data for Co sorption to Ka at low pH that indicates only outer-sphere sorption (O'Day et al., 1994a) . In the second stage above pH $ 6.5, sorption increases to 100% of the Co concentrations tested at pH $ 8 (Spark et al., 1995; Angove et al., 1998; Landry et al., 2009) and is unaffected by changes in ionic strength or Co concentration (Landry et al., 2009 ). This behaviour is attributed to complexation of Co to the Ka amphoteric alumina faces (Schulthess and Huang, 1990) . This is again consistent with spectroscopic data for Co sorption to Ka above pH $ 6.5 which suggests that there are Al or Si backscattering atoms present at 2.7 ± 0.5 Å and 3.4 ± 0.05 Å , with the shorter of these bond lengths consistent with that predicted for inner-sphere bidentate Co complexes ( Fig. 1 ) on the AlOH surface sites (O'Day et al., 1994a,b) . Spectroscopic data also suggests that Co-Co second-neighbour atoms at 3.1 ± 0.02 Å become increasingly important with surface coverage (O'Day et al., 1994a,b) and this is interpreted as evidence for the formation of multinuclear surface complexes (O'Day et al., 1994a) . Overall, Co sorption behaviour to Ka is generally modelled invoking outersphere cation exchange processes in combination with either inner-sphere monodentate or bidentate surface complexes (Angove et al., 1998; Landry et al., 2009) .
While several previous studies focus on how Co sorbs to different soil constituents, including Fh at a macroscopic level and Ka at both macro-and microscopic levels, there has been almost no research to understand Co sorption behaviour in systems involving organo-mineral composites (Zachara et al., 1994) . This is an important knowledge gap because contaminants do not react with soil phases in isolation, rather natural soil phases are present as more complex composites, where, for example, clays and iron (hydr)oxides are typically coated with organic matter in the form of humic substances and/or microbial cells (e.g., Davis, 1995; Sposito, 1984; Fortin and Langley, 2005) . The purpose of this study is therefore to determine the mechanisms by which Co interacts with common soil constituents in the form of isolated end-member phases, Fh, Ka and humic acid (HA), and more complex organo-mineral composites of Fh-HA and Ka-HA, made by coating the pure mineral phases with sorbed HA. We investigate Co sorption as a function of pH, ionic strength and Co concentration, and also for the composites as a function of organic carbon concentration, with composites made containing a wide range of organic carbon contents. We determine the molecular sorption mechanisms of Co to the end-member mineral and organic phases and the composites using extended X-ray absorption fine structure (EXAFS) spectroscopy, and transmission electron microscopy (TEM) to visualise Co distribution at the nm-scale on the sorbent particles. Our work addresses the lack of underpinning spectroscopic information regarding the nature of Co sorption coordination with iron (hydr)oxides and humic substances, in comparison to that observed with Ka clay. From our analysis we develop molecularly constrained thermodynamic surface complexation models to investigate the nature of the Co sorption behaviour to the soil constituents, and in particular to determine whether Co sorption to the organo-mineral composites adheres to sorption additivity (i.e., can be predicted by assuming a simple mixture of phases).
METHODS

Materials
HA was obtained from an ombrotrophic peat soil in Galicia (NW Spain, 43°28 0 5.10 00 N, 7°32 0 6.53 00 W) (Ló pez et al., 2011) . Preparation and characterization of the HA is reported in Ló pez et al. (2012) . Briefly, the soil was acid-washed to remove inorganic components following Smith et al. (2004) , and then HA was extracted following Swift (1996) . Fh was synthesised as described in Schwertmann and Cornell (1991) by rapid hydrolysis of 0.1 M Fe(NO 3 ) 3 Á9H 2 O (aq) with 1 M NaOH at pH 7. After synthesis Fh was washed several times over a week in equivalent volumes of 18.2 MO cm MilliQ water, and subsequently stored as a slurry at 4°C, following standard protocols to maintain mineralogical integrity (Schwertmann and Cornell, 1991) . Plastic labware and AR grade reagents were used throughout the Fh preparations. Mineralogically pure Ka (KGa-1b) was obtained from the Clay Minerals Society Source Clays Repository. Mineral identity and purity of the Fh and Ka was confirmed by X-ray powder diffraction (XRD) using a Bruker D8 Advance powder diffractometer and Cu-Ka radiation (k = 1.5406 Å ). The BET surface area of the end-member minerals was measured in triplicate using a Micrometrics Gemini VII 2390a using the N 2 sorption method after degassing for 16 h at room temperature. We report Fh and Ka surface areas of 295 ± 3 and 11.7 ± 0.1 m 2 /g, respectively, which are in good agreement with literature values (Schwertmann and Cornell, 1991; Eick and Fendorf, 1998) .
Three Fh-HA and two Ka-HA composites with different wt% adsorbed C were prepared following the method suggested by Iglesias et al. (2010) . Briefly, 2 dry g equivalent of the pure mineral were suspended in 50 mL of 0.1 mol L À1 NaNO 3 and then mixed with a varying amounts of HA (23, 70, and 140 mL of 5.2 g L À1 HA slurry for Fh-HA composites, and 10 and 55 mL of 13.99 g L À1 HA slurry for Ka-HA composites) and DIW to make up a 500 mL solution. The pH was lowered to $4 by the addition of dilute HNO 3 to facilitate HA sorption and the solutions were agitated for 7 days. To wash the Fh-HA composites, the solutions were repeatedly mixed with equivalent volumes of DIW and centrifuged at 4000g for 10 min until the presence of HA in the supernatant was negligible, as determined by UV-Vis performed at 280 nm (OteroFariñ a et al., 2017) . The Ka-HA composite particles were too fine for efficient centrifugation and were therefore washed via dialysis, using excess volumes of DIW and Membra-Cel MD44 14 Â 100 CLR dialysis tubing with a 14 kDa cut off, until the electrical conductivity of the wash water equalled that of deionised water. All of the composites were stored as a slurry at 4°C. The C content of the HA and composites was measured by combustion using a LECO SC-144DR Dual Range Sulfur and Carbon Analyzer 606-000. The three Fh-HA composites were found to have 5, 10, and 17 wt% C, and the Ka-HA composites had 1.4 and 2.2 wt% C.
Sorption experiments
Batch sorption experiments were carried out in 50 mL plastic centrifuge tubes at room temperature and in aerobic conditions. The pH range for the experiments was 3.5-8.4, representative of the pH of natural soils. 0.03 dry g equivalent weight samples (0.3 dry g equivalent for Ka) were mixed with 30 mL solutions of NaNO 3 (10 À1 , 10
À2
, or 10 À3 mol L À1 NaNO 3 ) and Co so that the sorbents contained either 5.8, 0.58, or 0.058 wt% Co at 100% sorption (0.58, 0.058, or 0.0058 wt% Co for Ka). pH was recorded when there was less than 0.01 pH unit change in 15 s. Samples were adjusted to the chosen pH by dropwise addition of dilute NaOH or HNO 3 . The samples were shaken continuously while the pH was monitored and set back to within ±0.15 of the desired pH. The pH values were then reset twice a day for 4 days until they remained constant for 16-24 h, after which time the experiments were concluded and the final pH was measured. The samples were centrifuged for 15 min at 3000g. The supernatant was filtered using 0.22 lm filters (10 kDa centrifuge filters in the case of the HA) and then 5 mL was added to 5 mL of 2% HNO 3 to maintain Co in solution. The Co concentration was determined (with an analytical uncertainty of <±3%) on a Thermo iCAP 7400 radial ion-coupled plasma optical emission spectrometer (ICP-OES; ThermoFisher Scientific, USA).
PHREEQC (Parkhurst and Appelo, 1999 ) was used to calculate Co speciation in solution using the MINTEQ.V4 database (Charlton and Parkhurst, 2002) and is shown in Fig. S1 as a 
EXAFS spectra collection and data analysis
EXAFS spectra were collected at the Co K-edge (7722 eV) at Beamline B18 at Diamond Light Source Ltd, UK, operating at 3 GeV with a typical current of 300 mA. The X-rays at B18 are generated from a bending magnet source. The beam is vertically collimated by a Si mirror before passing through a double crystal Si monochromator. It was then focused onto the sample to give a spot size of 200 Â 250 lm at the sample. Dried (40°C) sorption samples were presented to the beam as 8 mm pressed pellets using cellulose as a dilutant to reduce chemical thickness. The sample pellets were held in Kapton TM tape for analysis, and a separate 1000 mg L À1 Co(NO 3 ) solution was also prepared and held in a polythene bag for analysis. Spectra were collected for the samples containing Ka and HA in fluorescence mode at room temperature ($295°K) using a 32 element solid state Ge detector, and for the samples containing Fh in transmission mode at room temperature. Multiple scans were averaged to improve the signal to noise ratio and background subtracted using Athena version 0.9.25 from the Demeter package (Ravel and Newville, 2005) . The resultant EXAFS spectra were then fit ab initio to model spectra produced by including a series of theoretical single and multiple scattering pathways calculated in Artemis version 0.9.25 (also from the Demeter package). Data were fit in a shell-by-shell manner to construct a structurally realistic best possible fit. Fit quality was assessed using the EXAFS R-factor and the reduced v 2 function, which were calculated in Artemis for each model fit (the final best fit is reported in Tables 1 and 2 ). A fit is deemed to be of acceptable quality when the R-factor is less than or equal to 0.02 (Ravel and Newville, 2005 . After 16 hrs the final pH was 7.5 ± 0.5; consistent with >90% aqueous Co removal in previous batch sorption experiments. Samples were then dispersed in methanol (or DI water in the case of HA) and a drop was pipetted onto a lacy/holey thin-film across a copper grid using a glass Pasteur pipette. As DI water was used to disperse the HA sample, the carbon film and grid underwent plasma treatment in a Fischione 1020 plasma cleaner for 10 s to make the film hydrophilic and ensure the sample was evenly distributed. (S)TEM images, energy dispersive X-ray (EDX) microanalysis elemental maps and electron energy loss spectra (EELS) were collected on an FEI Titan 3 Themis 300: X-FEG 300 kV S/TEM. This was fitted with S-TWIN objective lens, monochromator (energy spread 1.1 eV when the monochromator is de-excited), multiple high-angle annular dark-field (HAADF), annular darkfield (ADF), bright-field (BF) STEM detectors, FEI Super-X 4-detector EDX system, Gatan Quantum ER 965 energy filter for EELS and energy filtered TEM and Gatan OneView 4 K CMOS digital camera. To minimise potential sample damage (which was most important for Ka samples) a low beam current of 0.3 nA was used throughout data acquisition and limited magnification (280 k x) BF TEM imaging with short acquisition times (<1 s) was performed before commencement of HAADF STEM imaging and EDX elemental mapping (using a $80 pA probe current).
Surface complexation modeling
The sorption behaviour of Co on end-member Fh, Ka and HA and the organo-mineral composites was fit to a thermodynamic surface complexation model using the program EQLFOR (Sherman et al., 2008; Sherman, 2009) . The Fh and Ka models were then combined with the HA model using a linear component additivity approach to explore Co sorption behaviour on the Fh and Ka organo-mineral composites. The surface electrostatics in all the models were accounted for by adopting the basic Stern model (BSM). The Davies equation was used for activity corrections to the stability constants for aqueous species. Detailed discussion on the development of the end-member Fh model is available in Moon and Peacock (2013) , and for the Ka, HA and organo-mineral composite models in Section 4.3 below.
RESULTS
Co sorption to end-member ferrihydrite, kaolinite and humic acid
The results from pH sorption edge experiments using Fh, Ka, and HA are shown in Figs For Fh we observe sigmoid sorption edges that are in agreement with previous studies of Co sorption onto iron (hydr)oxides (Forbes et al., 1976; Schenck et al., 1983; Ainsworth et al., 1994; Kanungo, 1994; Landry et al., 2009) . There is no change in the shape or position of the sorption edges in pH space with increases in ionic strength (Fig. 2 ) or with increases in Co concentration from 0.058 to 5.8 wt% Co (SI Fig. S2 ).
The Ka sorption edges show two sorption stages which is also in agreement with previous studies of Co sorption onto Ka (Spark et al., 1995; Angove et al., 1998; Landry et al., 2009 ). There is a decrease in the amount of Co sorbed during the initial sorption stage with increasing ionic strength from 10 À3 to 10 À1 mol L À1 (Fig. 2) The percentage of Co sorbed in the initial sorption stage also decreases when increasing the Co concentration from 0.0058 to 0.58 wt% Co (SI Fig. S2 ). For HA we observe high sorption even at low pH values, which is consistent with previous studies of Co sorption on HA (McLaren et al., 1986) . The sorption edge shifts to higher pH values when ionic strength is increased from 10 À3 to 10 À1 mol L À1 (Fig. 3 ). There is also a marked difference in sorption behaviour dependant on the filtration method used for equivalent samples. When the sample is filtered with a 10 kDa filter, sorption reaches 100%, however when it is filtered with a 0.22 lm filter, sorption peaks at $60% and then decreases back down to $35% where it remains stable (Fig. 3) .
Co sorption to organo-mineral composites
The sorption of Co to the organo-mineral composites is plotted in Fig. 4 as a function of pH. The three Fh-HA composites show a generally sigmoidal shape, but the sorption edges are intermediate between those of the endmember Fh and HA, showing enhanced sorption relative to the end-member Fh in the mid-low pH regime. In particular at pH 3.5-5.5 there is negligible sorption to Fh, but the composites show 15-45% sorption. This is in good agreement with the sorption of other divalent cations to Fh organo-mineral composites (e.g., Zhu et al., 2010; Peacock, 2012, 2013) .
The two Ka-HA sorption edges are also intermediate between those of the end-member Ka and HA, with the 1.4 wt% C composite edge falling below the end-member Ka edge only above pH 7. The 1.4 wt% C and 2.2 wt% C composites show enhanced sorption relative to the endmember Ka in the low-mid pH regime and over the majority of the pH range studied, respectively.
EXAFS of end-member and composite phases
Spectra collected from all samples are fit with a series of single and corresponding multiple scattering pathways. The final best model fits are shown in Fig. 5 for all sample spectra and an aqueous Co standard solution, and the fit parameters are shown in Tables 1 and 2 for the endmember and composite systems, respectively. Additional Fh samples (with both very high and very low Coloadings) that produced EXAFS spectra with high signal to noise ratio are presented in SI Table S1 and SI Fig. S3 .
The amplitude reduction factor, S 2 0 , determined for the fitting of all EXAFS samples was based on results obtained from the fitting of the EXAFS standard Co 2+ (aq) solution. In this process, the CN (coordination number) of the Co-O path was set to 6 and the S 2 0 parameter fit to a value of 0.92. This value was used for all S 2 0 in all subsequent fits and models. The CN for the Co-O pathway was fixed at 6 for all samples, and we did not consider non-octahedrally coordinated Co 2+ . For the sorption coordination we fit the CN's for the Co-Fe and Co-Co pathways iteratively to choose the best fit for the highest quality data. This was then applied to the lower quality data to ensure consistency. Given that the error on CN's is $25% it was sensible to choose an intermediate number close to integer values for the subsequence fits.
The FEFF single scattering paths for the model were created from the basic atom coordinates of cobalt hydroxide, goethite, kaolinite, and Co-acetate, which account for Jahn-Teller distortions. A potential problem with this approach is that increasing the number of variables to be determined in the fitting minimization can make the uncertainties in the fitted variables intolerably large. However, the parameters for the MS paths (R, r 2 ) can all be expanded quantitatively in terms of the single scattering paths that make up the individual legs of each of the multiple scattering paths. Thus the added multiple scattering paths do not need any additional variable parameters added to the fit and instead they add constraints to better define the single scattering paths, reducing the uncertainty of the first shell Co-O and Co-Co paths making such a fit attainable (Webb et al., 2005) .
The spectra collected from the Co-sorbed Fh samples at all pH and Co concentrations are fit with the same molecular model, consisting of 6 O at $2.05 Å , $1 Fe at $3 Å and $1.5 Co at 3.1-3.2 Å . The Co-sorbed Ka spectra at low pH (pH 5 and 6) are fit with only 6 O at $2.05 Å , similar to the Co (aq) standard, while at high pH (pH 8), the best fit model includes $0.5 Al at $2.9 Å and $1 Co at $3.1 Å . The Co-sorbed HA spectra at low pH (pH 4 and 4.6) are also fit with only 6 O, similar to the Co (aq) standard and the low pH sorption to Ka, while at high pH (pH 8) there are also $2 C at $2.9 Å and $1 Co at $3.1 Å . Co sorption to the Fh-HA composite spectrum at pH 6, is fit with 6 O at $2.05 Å , $1 Fe at $3.02 Å and $1.5 Co at $3.2 Å , while at pH 7, the fit also includes $1 C at $2.9 Å . Sorption to the Ka-HA composite spectrum at pH 4 and 6 is fit with only 6 O at $2.05 Å , while at pH 8, there are also contributions from $2 C at $3.04 Å and $1 Co at $3.14 Å .
TEM imaging of Co-sorbed end-member ferrihydrite, kaolinite and humic acid
In low magnification imaging the Co-sorbed Fh sample is seen to consist of small (2-5 nm) particles that form much larger aggregates between 500 and 800 nm in size (Fig. 6) . Relatively high magnification analysis of 5 areas of interest shows that none of these areas contain any nano-scale Cocontaining particles. In all 5 areas of interest EDS mapping shows the Co to be homogenously distributed on the sample, though areas that are deemed to be thicker through observation of the HAADF image appear to have a higher concentration of Co (Fig. 6) . Due to the possibility of overlap in the Fe K b and Co K a peaks in EDS analysis, the presence of Co associated with the Fh was confirmed using electron energy loss spectroscopy (EELS) and a distinct Co L 3 -edge is detected at 780 eV.
In low magnification imaging the Co-sorbed Ka sample consists of hexagonal crystalline platelets between 100 and 400 nm in size with a depth of 10-50 nm (Fig. 7) . Thirteen regions of interest were selected for relatively high magnification analysis, 2 imaging the planar platelet surface and the remainder imaging edge-on views of the crystals. No nano-scale Co-containing particles are observed in any region of interest. In EDS mapping Co is found to be heterogeneously distributed on the sample and in 5 regions of interest was detected specifically associated with the crystal edges. In these 5 regions, Co appears to be distributed such that it is found predominately on one face of each crystal. In high resolution imaging these Co-rich faces appear to be regions where the Ka cleavage planes are rougher and less coherent than Co-free areas (Fig. 7) .
In low magnification imaging the Co-sorbed HA sample consists of rounded amorphous particles displaying a very wide range of particle sizes (<100 nm to >2000 nm) (Fig. 8) . Three areas of interest were studied at a high resolution and in all of these areas EDS mapping shows Co homogenously distributed on the sample with no nanoscale Co-containing particles (Fig. 8). 4. DISCUSSION 4.1. Co sorption to end-member ferrihydrite, kaolinite and humic acid 4.1.1. Co sorption to ferrihydrite
The sorption edge data for Fh ( Fig. 2A and SI Fig. S1A ) compares well with that reported in the literature for Co sorption to iron (hydr)oxides, with sorption edges in the range pH 6-7 (Ainsworth et al., 1994; Landry et al., 2009 ). The percentage of Co sorbed is independent of initial Co concentration (SI Fig. S1A ), suggesting that in our sorption systems there is an excess of surface sorption sites, consistent with the large surface area for Fh ($295 ± 3 m 2 /g). The Co sorption behaviour is also independent of ionic strength ( Fig. 2A) suggesting that Co binds to Fh via inner-sphere surface complexation. This is confirmed by EXAFS analysis of Co sorbed to Fh at pH 7 and 8 as all samples are fit with 1 Fe at $3.0 Å ( Table 1 ). The number of Fe backscatterrers and the Co-Fe interatomic distance indicates that octahedral Co-O moieties form inner-sphere bidentate edgesharing complexes with FeOH octahedral surface groups at the pH values investigated (e.g., for copper sorption to Fig. 4 . Co sorption to Fh-HA (A) and Ka-HA (B) organo-mineral composites, both at a range of C contents (for the Fh-HA composites, squares show sorption to the composite with 5 wt% C; circles, 10 wt% C; and triangles, 17 wt% C; for the Ka-HA composites, squares show sorption to the composite with 1.4 wt% C, and circles 2.2 wt% C). In both graphs, the dashed line shows sorption to the HA end-member at the ionic strength of each experiment, and the dotted line shows sorption to the mineral end-member (Fh or Ka).
Fh; Scheinost et al., 2001; Moon and Peacock, 2012; Otero Fariñ a et al., 2018) . EXAFS data were also fit with $1.5 Co at $3.14 Å (Table 1) indicating the presence of Co hydroxide-like linkages as opposed to Co hydroxide surface precipitates in which the CN for the Co-Co pathway would be higher. As the Co-Co CN is between 1 and 2, it is possible that Co is forming a mixture of bi-and tri-nuclear surface complexes, as the CN will tend towards 2 as the chain length increases. Although Fe and Co are similar X-ray backscatterers, the modelled Co-Fe and Co-Co pathways as calculated in FEFF have sufficiently different distances ($0.1 Å ) that they can be resolved in the EXAFS fit. Addition of both Co-Fe and Co-Co pathways improved the model fits despite also increasing the total degrees of freedom when compared to models with either Co-Fe or Co-Co. TEM observations (Fig. 6) however, show that even at relatively high Co loadings Co is evenly dispersed on the Fh surfaces and does not form discrete Co(OH) 2 nanoparticles. Furthermore, 1.5 Co-Co bonds is significantly below the 6 Co-Co bonds present in Co(OH) 2 (O'Day et al., 1994a) . Therefore we propose that Co binds to Fh via bi-or tri-nuclear surface complexes, and thus in summary via inner-sphere bidentate multinuclear edge-sharing complexes (Fig. 1C) .
Co sorption to kaolinite
The sorption edge data for Ka (Fig. 2B ) is similar to results found in previous studies (Spark et al., 1995; Angove et al., 1998; Landry et al., 2009) . Our data sets all show increasing sorption between pH 4 and 5.5, and 6.5 and 8. In contrast to the Fh samples, the percentage of Co sorbed is somewhat dependent on initial Co concentration below pH $ 7 (SI Fig. S1B ), suggesting that our sorption systems are surface sorption site limited in the low-mid pH regime, consistent with the relatively low surface area for Ka (11.7 ± 0.1 m 2 /g). Again in contrast to Fh, the Co sorption behaviour is also dependent on ionic strength mainly below pH $ 7 (Fig. 2B) , suggesting that Co binds to Ka via outer-sphere surface complexation in the low-mid pH regime. Taken together and in agreement with previous studies, these results suggest that Co binds to Ka via outer-sphere complexation during the initial sorption stage in the low-mid pH regime, where sorption is generally attributed to Co uptake onto permanently negatively charged surface sorption sites present on the siloxane faces (Spark et al., 1995; Landry et al., 2009 ), and then above pH $ 7 during the second sorption stage Co binds via innersphere complexation onto the variable charge sites present on the alumina faces that are increasingly deprotonated and thus negatively charged in the mid-high pH regime (Schulthess and Huang, 1990) .
The above inferences about Co-Ka sorption behaviour based on our macroscopic sorption data are confirmed by our EXAFS analysis of Co sorbed to Ka, where at lowmid pH (pH 5 and 6) the best fits do not include Co-Al bonds, while at high pH (pH 8) the best fit includes 0.5 Al at $2.9 Å . The number of Al backscatterrers and the Co-Al interatomic distance indicates that octahedral Co-O moieties form inner-sphere bidentate edge-sharing complexes with AlOH octahedral surface groups at the pH value investigated (e.g., O'Day et al., 1994a,b) . The absence and presence of Co-Al bonds at low-mid and high pH, respectively, also agrees with previous work on the sorption of Co to Ka (O'Day et al., 1994b) . In addition to previous work however, our EDS map (Fig. 7) appears to show Co distributed across the edges of the Ka particles, and in particular concentrated onto one side of the edges of the Ka particles. The distribution of Co across the particle edges is likely due to the presence of highly reactive edge sites created when crystallites break apart (Sposito, 1984) which Co can bind to (O'Day et al., 1994b) . Additionally, Ka is a 1:1 clay that readily cleaves between octahedral Al and tetrahedral Si layers (Spark et al., 1995) to produce exposed AlOH and SiOH sites on opposite sides of the resultant crystallites. While the exposed SiOH sites are likely to provide outer-sphere sorption sites for Co, the exposed AlOH sites are known to provide inner-sphere sorption sites (O'Day et al., 1994b) , and so we propose that the observed concentration of Co onto one side of the edges of the Ka particles is caused by a ''depth profile" created when Co preferentially sorbs to cleavage planes containing exposed AlOH sites. As with Fh, the EXAFS analysis also indicates there are multiple ($1.5) Co-Co bonds at $3.1 Å , but the CN for the Co-Co pathway is not high enough to imply surface precipitation and there is no evidence of Co(OH) 2 nanoparticles present in the TEM images (Fig. 7) . As with Fh, a Co-Co CN of $1.5 suggests a mixture of bi-and trinuclear surface complexes are forming. Overall we therefore propose that at low-mid pH, Co sorbs via outer-sphere complexation, likely associated with the permanently negatively charged sites present on the siloxane faces, while at high pH Co sorbs via inner-sphere bidentate binuclear edge-sharing complexes onto the variable charge alumina sites present at the Ka crystal edges and on exposed cleavage plains (Fig. 2) .
Co sorption to humic acid
Our results show that there are significant differences in the apparent amount of Co sorbed to HA after filtration through 0.22 lm or 10 kDa filters (Fig. 3) . The marked decrease in solid-associated Co above pH 5, which is only observed when using 0.22 lm filters, is attributed to HA solvation and dispersal processes occurring at higher pH values. HA solvation increases progressively as pH is raised from pH 2 to pH 12, with initially the low molecular weight (MW) fraction being dispersed at lower pH (cf. full dispersion of HA molecules is operationally defined at pH 12) (Ritchie and Posner, 1982) . Therefore, at pH values > 5, a fraction of the sorbed Co present is not solid associated, but rather is bound to a relatively low MW (<220 nm) Co-HA phase that is dispersed in solution. The 10 kDa filter, in contrast, removed all HA particles larger than 3 nm (Pan et al., 2017) and represents the best estimate of true sorption behaviour (i.e. $90% above pH 6.5 for the 0.1 mol L À1 ionic strength system). Co sorption to HA at low pH (pH 4 and 4.6) is reduced when the ionic strength is increased (Fig. 3) , in good agreement with previous studies on the sorption of other heavy metals onto purified Aldrich HA (Liu and Gonzalez, 2000) , and our EXAFS analysis shows that at low pH (pH < 5) no Co-C bonds are required to fit the data (Table 1 ). This suggests that Co is bound through outersphere complexation at low pH. However, at higher pH Co sorption is unaffected by changes in ionic strength (Fig. 3) and our EXAFS fitting also includes 2 C at $2.9 Å , indicative of inner-sphere complexation to Ccontaining functional groups present in HA. This is in good agreement with previous EXAFS studies reporting that Co is bound to HA via inner-sphere complexation to C atoms (Ghabbour et al., 2007; Xia et al., 1997) . The presence of the Co-Co bond at 3.07 Å at pH 8 indicates the presence of a hydroxide-like precipitate, but again, the CN for the Co-Co pathway is not high enough to imply surface precipitation and the TEM images (Fig. 8) provide no evidence of Co-Co nanoclusters. This is consistent with other work on heavy metal interactions with organic matter, where Gustafsson et al. (2014) found that Cr(III) formed dimers when sorbed to soil above pH 5, with each Cr atom bound to two carboxyl groups at 2.85-2.87 Å , which is similar to the Co-C path length used in this study. Overall we propose that Co sorbs to HA at low pH via outer-sphere surface complexation, and at high pH via inner-sphere bidentate binuclear surface complexation, likely involving carboxyl groups present in the HA moiety.
Co sorption to organo-mineral composites
Sorption to all Fh-HA composites is enhanced relative to the pure Fh phase, particularly at low pH (Fig. 4A) . This is typically attributed to the fact that, in contrast to Fh, the majority of HA surface functional groups are deprotonated at low pH and thus possess a negative charge, which when present in a Fh-HA composite results in enhanced sorption in the low-mid pH regime, over the pure end-member Fh phase (Tipping et al., 1983; Murphy and Zachara, 1995; Zhu et al., 2010) . The combined sorption edge and EXAFS data for the Fh-HA system indicates that Co binds to each of the composite fractions at high pH (pH 8), and does so via the same molecular mechanisms as to the end-member Fh and HA phases. At pH 6 we see enhanced Co sorption relative to the end-member Fh (Fig. 4A) , despite the EXAFS data only showing 6 Co-O pathways. The lack of a Co-Fe pathway is consistent with Co not sorbing to Fh below pH 6.5. The absence of a Co-C interatomic distance for the pH 6 Fh-HA sample is consistent with our EXAFS data for Co sorption to end-member HA which indicates that Co binds to HA via outer-sphere surface complexation at lowmid pH. In contrast at pH 7 the best fit EXAFS model includes 0.5 Fe at $3.0 Å , 1.25 Co at $3.17 Å and 1.1 C at $2.87 Å , suggesting that Co binds to both the Fh fraction and the HA fraction, via the Fh inner-sphere multidentate binuclear surface complex and the HA inner-sphere bidentate binuclear surface complex. Our results indicate that the sorption behaviour of Co with respect to HA is the same for end-member HA, and HA that is sorbed to Fh surfaces.
Sorption to the Ka-HA composites is generally enhanced relative to the pure Ka phase, except for the 1.4 wt% C Ka-HA composite above pH $ 7 (Fig. 4B) , and again this is typically attributed to the presence of additional negatively charged sorption sites in the low-mid pH regime that are associated with the organic moieties (e.g., Heidmann et al., 2005a , who found that introducing fulvic acid to Ka increased Cu and Pb sorption at low to mid pH values). Consistent with the outer-sphere sorption of Co to end-member Ka and HA at low-mid pH, the best fit EXAFS models for Co sorption to Ka-HA at similar pH include only 6 O at $2.0 Å . At higher pH (pH 8) the best fit EXAFS model includes 2 C at $3.0 Å and 1 Co at $3.14 Å ( Table 2 ), suggesting that Co binds to the HA fraction via the inner-sphere bidentate binuclear surface complex identified for end-member HA. The pH 8 best fit EXAFS model does not however include any Co-Al bonds (Table 2) , which suggests that either Co has a higher affinity for HA and is only sorbed to the HA phase in the composite, or because the Co-C and Co-Al bond lengths are similar they are not resolvable during the EXAFS analysis.
It is noteworthy that the extent to which Co sorption is enhanced in our mineral-organic composites over the pure end-member mineral phases appears to depend on the surface area of the end-member mineral phase. With relatively high surface area Fh ($295 ± 3 m 2 /g) the percentage of Co sorbed by Fh-HA appears to be independent of composite C content, while with relatively low surface area Ka ($11.7 ± 0.1 m 2 /g) the percentage of Co sorbed by Ka-HA appears to increase with increasing composite C content. This is observed in other heavy metal composite sorption systems, where studies using high surface area Fh in Fh-organic composites also show the enhanced low-mid pH regime sorption to be independent of composite C content Peacock, 2012, 2013; Otero Fariñ a et al., 2018) , while studies using relatively low surface area goethite ($42.1 m 2 /g; Jö nsson et al., 2006) in goethiteorganic composites show increasingly enhanced low-mid pH regime sorption with increasing composite C content (Jö nsson et al., 2006; Otero Fariñ a et al., 2017) . We suggest that with a lower surface area, the organic surface coverage on a Ka composite will be significantly higher than for a Fh composite, and as such, cation sorption in the mid-low pH regime, where sorption onto the HA fraction dominates, will increasingly resemble the sorption of the cation onto pure end-member HA, and will thus increase with increasing HA fraction.
Surface complexation modeling of Co sorption to endmember ferrihydrite, kaolinite and humic acid
Model framework and input parameters
Surface complexation models were developed for the sorption of Co onto end-member Fh, Ka and HA that are consistent with the EXAFS data. The model framework for Co sorption to Fh is based on the model for copper sorption to Fh by Moon and Peacock (2013) and Otero Fariñ a et al. (2018) , the framework for Co sorption to Ka is adapted from the model for Co sorption to Ka by Heidmann et al. (2005b) , and the framework for Co sorption to HA is based on the model for copper sorption to HA by Otero Fariñ a et al. (2018) . The model input parameters were obtained either through fitting potentiometric titration data for the sorbent acid-base behaviour, or from direct measurement of the sorbent physiochemical characteristics, and are detailed in Moon and Peacock (2013) for Fh, Heidmann et al. (2005b) for Ka and Ló pez et al. (2012) for HA; the input parameters are reported here in Table 3 .
The BSM is used to model surface electrostatics in the Fh, Ka and HA sorption systems. For Fh, a 3-site 1 pK formalism is assumed for the protonation of the Fh surface, involving two types of singly-coordinated surface oxygens (sorbing cations in edge-sharing ("FeOH À0.5 (e)) and corner-sharing ("FeOH À0.5 (c)) configuration), and the triply coordinated oxygens ("Fe 3 O À0.5 ) (e.g., Hiemstra et al., 1989; Hiemstra and van Riemsdijk, 2009; Moon and Peacock, 2013; Otero Fariñ a et al., 2018) . A 2-site, 1pK formalism is used for the protonation of the Ka surface. This involves a singly-coordinated surface oxygen ("AlOH À0.5 ) representing the pH-dependent charge, and negatively charged sites ("X À ) to represent the permanent negative charge (e.g., Heidmann et al., 2005b) . For the HA, a 1-site 1 pK formalism is used, involving "RCOO À sites where the stability constants for the protonation of these sites and the site densities are constrained using the NICA-Donnan model (Kinniburgh et al., 1999) , calibrated on multiple data sets (Ló pez et al., 2012) .
The sorption data are fit by iterating the log K for the surface complexation reaction that represents the formation of the Co-Fh, -Ka or -HA complexes that were identified by EXAFS analysis. The three Fh systems that contained 10 À2 mol L À1 ionic strength (5.8, 0.58 and 0.058 wt% Co) and two of the Ka systems that contained 10 À2 mol L À1 ionic strength (0.058 and 0.0058 wt% Co) are fit simultaneously. Due to the limitations of EQLFOR, systems with different ionic strengths are fit separately. The best fit log K values for the sorption of Co in all the end-member systems are shown in Table 4 . The model fits to the data are shown in Figs. 2 and 3. 
Model for Co sorption to end-member ferrihydrite
Our EXAFS data indicate that Co sorbs to Fh via an inner-sphere bidentate bi-or tri-nuclear edge-sharing complex over the entire pH range investigated. Both bidentate bi-and tri-nuclear edge-sharing complexes were used to model the sorption edge data, however, models invoking a bidentate binuclear edge-sharing complex produce the best fits across all the Fh sorption data sets investigated. Model fits to the data are shown in Fig. 2 and our model produces adequate fits to the data over the range of ionic strengths studied. We therefore model our Fh sorption data with: 
where X represents the mole fraction of surface sites that the protonated or deprotonated surface complex occupies, w 0 is the electrostatic potential at the 0-plane (defined from the surface charge distribution (r) using the BSM), F is the Faraday constant, R is the gas constant and T is temperature. It should be noted that bidentate binuclear edge-sharing complexation is technically represented by "Fe(OH À0.5 (e)) 2 + 2Co 2+ "Fe(OH(e)) 2 Co 2
3+
. However, in surface complexation modeling formalism, "FeOH À0.5 is the operational surface site and thus both bidentate binuclear edge-and corner-sharing are represented by Eq. (1). Table 3 Input parameters for the surface complexation models for Co sorbed to Fh, Ka and HA. Parameters for the "FeOH À0.5 site are from Moon and Peacock (2013) ; the "AlOH À0.5 and "X À sites are from Heidmann et al. (2005b) ; and the "RCOO À site are from Ló pez et al. (2012) .
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Model for Co sorption to end-member kaolinite
Our EXAFS data indicate that Co sorbs to Ka via an outer-sphere complex at low-mid pH and an inner-sphere bidentate binuclear edge-sharing complex associated with the alumina sorption sites at high pH. In agreement with previous modeling studies (e.g., Heidmann et al., 2005b; Peacock and Sherman, 2005) outer-sphere sorption is invoked onto the permanently negatively charged sites present on the siloxane faces ("X À ), and we find that the best fits to the data generally involve Co sorption onto these sites in both their deprotonated ("X À ) and protonated ("XH) forms. The inner-sphere sorption is invoked onto the variable charge alumina sites ("AlOH À0.5 ). The total model fits to the data are shown in Fig. 2 while the contribution of the different surface sites to the total sorption is shown in Fig. 9 . The protonated form of the permanently negatively charged site ("XH) only significantly contributes to sorption at low ionic strength (Fig. 9A ) and low wt% Co (SI Fig. S4A ) and in the very low pH regime, reflecting the log K for the deprotonation of these sites (log K = 5.9; Table 3 ). Overall the models produce good fits to the data over the range of ionic strengths studied, and the contribution of the different surface complexes to the total sorption as a function of pH is consistent with our EXAFS data. We therefore model our Ka sorption data with:
where X represents the mole fraction of surface sites that the protonated or deprotonated surface complex occupies, w 0 is the electrostatic potential at the 0-plane and w 1 is the electrostatic potential at the 1-plane (as defined from the surface charge distribution (r) using the BSM), F is the Faraday constant, R is the gas constant and T is temperature. Again it should be noted that bidentate binuclear edge-sharing complexation is technically represented by "Al(OH À0.5 ) 2 + 2Co 2+ + 6H 2 0 "Al(OH) 2 Co 2 (OH) 6 + 6H + . However, as above, in surface complexation modeling formalism "AlOH À0.5 is the operational surface site and thus both bidentate binuclear edge-and cornersharing are represented by Eq. (3).
Model for Co sorption to end-member humic acid
Our EXAFS data indicate that Co sorbs to HA at low pH via outer-sphere surface complexation, and at high pH via inner-sphere bidentate binuclear surface complexation that likely involves carboxyl groups present in the HA moiety. It is not possible to determine from the EXAFS which sorption site(s) are most associated with the outer-sphere complex, and unlike Ka, HA has a number of different sorption sites which could be responsible for the electrostatic and hence outer-sphere sorption of Co (including carboxyl, phosphoryl, methoxyl, carbonyl, and alcoholic hydroxyl groups (Tsutsuki and Kuwatsuka, 1978; Yonebayashi and Hattori, 1988) ). Given this we nominally assign the outer-sphere sorption to the carboxyl "RCOO À sites in the modeling, which is at least consistent with the fact that Co is already known to interact with these sites during sorption to HA via inner-sphere complexation (as identified for our high pH Co-HA sorption sample and by Xia et al. (1997) and by Ghabbour et al. (2007) during their studies of Co sorption to HA). The total model fits to the data are shown in Fig. 3 while the contribution of the different surface sites to the total sorption is shown in Fig. 10 . Overall the models produce adequate fits to the data at the two ionic strengths studied, and the contribution of the different surface complexes to the total sorption as a function of pH is consistent with our EXAFS data. We therefore model our HA sorption data with: . Squares are data; solid lines show total predicted sorption; dashed lines, "AlOH sites; dotted lines, "XH sites; and dash-dot-dot lines, "X À sites. and panels E and F, 17 wt% C composite. Panels A, C, and E show predicted sorption using log K's fixed to those from the two end-member phases. Panels B, D, and F show predicted sorption with iterated log K's. Solid lines show total predicted sorption; dashed lines, sorption to "FeOH sites; dash-dot-dot, outer-sphere sorption to "RCOO À sites; and dotted lines, inner-sphere sorption to "RCOO À sites.
RCOO
As for the Fh and Ka equations, X represents the the mole fraction of surface sites that the protonated or deprotonated surface complex occupies, w 0 is the electrostatic potential at the 0-plane and w 1 is the electrostatic potential at the 1-plane (as defined from the surface charge distribution (r) using the BSM), F is the Faraday constant, R is the gas constant and T is temperature.
Sensitivity analysis
A sensitivity analysis of the systems, to test the models' sensitivity to the input parameters, was conducted, in which the input parameters are varied over a range of reasonable experimental and theoretical values. The process for this is Fig. 12 . Surface complxeation model predictions of Co sorption to Ka-HA surface sites. Panels A and B show the results for the 1.4 wt% C composite, and panels C and D show the 2.2 wt% C composite. Panels A and C show predicted sorption using log K's fixed to those from the two end-member phases. Panels B and D show predicted sorption with iterated log K's. Solid lines show total predicted sorption; dashed lines, sorption to the "AlOH sites; dotted lines, sorption to "XH sites; dash-dot-dot lines, inner-sphere sorption to "RCOO À sites; and dash-dot, outer-sphere sorption to "RCOO À sites.
described fully in the SI, and the results of the analysis are shown in Table 4 as the error (±). The errors provide an estimate of the range that the log K values may vary due to inherent uncertainties in the parameterisation of the Fh, Ka, and HA sorption properties in the models. Overall, based on our EXAFS identified surface complexes, the average log K for Co sorption onto Fh is log K ("FeOH (e)) 2 Co 2 +3 = 13.78; onto Ka is log K "X À -Co +2 = 4.4, log K "XH-Co +2 = 10.24 and log K ("AlOH) 2 Co 2 (OH) 6 = À32.868; and onto HA is log K "RCOO À -Co +2 = 1.39 and log K ("RCOO) 2 Co 2 = 0.73.
Surface complexation modeling of Co sorption to organo-mineral composites
Model framework and input parameters
Sorption edge data for the Fh-HA and Ka-HA composites is intermediate between the end member phases (Fig. 4) , and the EXAFS data shows the Co sorption to the composites occurs via the same molecular mechanisms as to the end-member phases (Tables 1 and 2 , Fig. 5 ). This suggests that Co sorption to these composites shows a degree of additivity, and therefore a component additivity approach was used to fit the Fh-HA and Ka-HA composite sorption data. In this approach the models for Co sorbed to Fh and HA, and Ka and HA are combined linearly in order to create a single sorption model for each composite. The model input parameters are reported here in Table 3 and the model fits are shown in Fig. 11 (panels A, C, and E) and Fig. 12 (panels A and C). As with the end-member models, the BSM is used to model the composite electrostatics. As the linear combination of the Fh and HA end-member models, the Fh composite adopted a 4-site 1 pK formalism (containing the 3 Fh sites and the 1 HA site) while the Ka composite adopted a 3 pK formalism (the 2 Ka sites and the 1 HA site). In this approach the log K's for the protonation and binding of electrolyte ions to these sites, and absolute site densities, are fixed to the values of the end-member Fh or Ka and HA models. Operational site densities for each site, and a surface area and Stern layer capacitance for each composite, are then calculated from the endmember values weighted to the appropriate Fh:HA or Ka:HA mass ratio (Table 5) . Initially Co sorption to the composites is modelled with the best fit log K values from the end-member systems (Figs. 11A, C, E and 12A, C).
The end-member log K values are then iterated whilst keeping all other parameters constant (Figs. 11B, D, F and 12B, D) . If the composites behave in an additive manner then the optimised log K values should fall within the uncertainties on the end-member values.
Model for Co sorption to Fh-HA composite
Model fits for Co sorption to the 3 Fh-HA composites are shown in Fig. 11 . Using the exact end-member log K's, the model underestimates Co sorption to the 5, 10, and 17 wt% C Fh-HA composites below pH 6.5 (Fig. 11) . When the log K values are iterated (Table 6 ) the fit improves, but for the 5 wt% C composite there is still a significant underestimation between pH 5 and 6.5 (Fig. 11B) . Furthermore, the log K for the outer-sphere HA complex in the iterated fits for all composites is far outside the uncertainty on the end-member value (Table 4 ). This implies that the model formalism for the outer-sphere complexation of Co to the end-member HA does not accurately describe Table 5 Input parameters for the surface complexation models for Co sorbed to Fh and Ka organo-mineral composites. Operational site densities for each site, and a surface area and Stern layer capacitance for each composite, are then calculated from the end-member values weighted to the appropriate Fh:HA or Ka:HA mass ratio. Fh data is from Moon and Peacock (2013) , Ka from Heidmann et al. (2005b) , and HA from Ló pez et al. (2012 the outer-sphere complexation of Co to the HA fraction of the composite. This could be because the functional groups available for outer-sphere complexation in the composite are modified as a result of HA interaction with the Fh surface. The model also fails to accurately predict the distribution of the adsorbed Co between the Fh and HA fractions, where, based on our EXAFS, the model fits should show inner-sphere bidentate binuclear sorption to the Fh fraction, either no sorption or outer-sphere sorption to the HA fraction at mid-low pH and inner-sphere bidentate binuclear sorption to both the Fh and HA fractions at midhigh pH. As such Co sorption to our Fh organo-mineral composites is non-additive and cannot be modelled assuming a component additivity approach. This is in contrast to previous work on Cu sorption to Fh-HA composites, where iterated log K values (resulting in log K values of 9.27 and 3.31 for Cu sorption to Fh and HA, respectively) remained within the range of error determined by a sensitivity analysis and produced a good fit to the data, showing that a component additivity approach was able to accurately predict the sorption behaviour (Otero-Fariñ a et al., 2018).
Model for Co sorption to Ka-HA composite
The model fits for Co sorption to the 2 KaHA composites are shown in Fig. 12 . Using the exact end-member log K's, the model underestimates Co sorption to the 1.4 and 2.2 wt% C KaHA composite over the entire pH range (Fig. 12) . When the log K values are iterated (Table 6 ) the fit improves, but there is still an underestimation between pH 4 and 7 for the 1.4 wt% C composite. Furthermore, for the 1.4 wt% C composite the log K values for the "XHCo +2 and inner-sphere HA complex are outside the uncertainty on the end-member values (Table 4) , and for the 2.2 wt% C composite the log K values for the "XH-Co +2 and inner-sphere Ka complex are outside the uncertainty on the end-member values (Table 4) . As for the Fh-HA composite, this suggests that these surface functional groups behave differently in the composite system compared to the single phase systems. This could be caused by fractionation of HA during adsorption to Fh or Ka in the preparation of the composites. High and low molecular weight HA could become fractionated in this process and so the HA associated with the minerals is not the same as the HA involved in the sorption of Co to HA end-member system. For both composites the model also fails to accurately predict the distribution of the adsorbed Co between the Ka and HA fractions, where, based on our EXAFS, the model fits should show outer-sphere sorption to either the Ka or HA fractions at mid-low pH and inner-sphere bidentate binuclear sorption to the HA fraction and either no sorption or inner-sphere bidentate binuclear sorption to the Ka fraction at mid-high pH. As such Co sorption to our Ka organo-mineral composites is non-additive and cannot be modelled assuming a component additivity approach.
Implications for Co behaviour in natural environments
In all end-member and organo-mineral composite systems studied in this work, inner-sphere bidentate binuclear sorption complexes were found to occur at mid-high pH.
We propose that this is a universal uptake mechanism for Co in soils and sediments at neutral and alkaline pH values. This universal sorption mechanism controls Co uptake onto Fh, Ka and HA and their associated organo-mineral composites, and limits Co mobility in natural and contaminated environments. Our work unifies previous studies that have worked on similar systems individually yet reported similar sorption mechanisms (O'Day et al., 1994a,b; Xia et al., 1997; Ghabbour et al., 2007) , but also reconciles direct observations of Co sorption mechanisms, observed with EXAFS, with indirect Co sorption modeling studies, by developing the first thermodynamic surface complexation models for Co sorption to Fh, Ka and HA that are completely consistent with EXAFS results.
Our results indicate that Co sorption behaviour is likely to differ between environments where the organic matter content varies. In soils that are low in organic matter such as some alluvial sediments and desert areas, Co will behave similarly to how it does in the pure mineral systems as there is no organic matter to influence sorption. This means that Co will be mobile below pH $ 6.5 because below this pH there is no significant sorption to solid phases likely to be present such as iron (hydr)oxides and clay minerals. In contrast to mineral soils, in peat soils and other organic matter dominated environments, Co will be less mobile at lower pH values due to higher sorption to humic substances and will likely be mobile as Co 2+ only at very low pH values. At neutral to high pH, HA may also be present as colloids and the association of Co with low MW HA colloids is a potential transport vector for contamination in organic rich environments at neutral to alkaline pH values where high Co sorption would be expected. In temperate regions, soils that contain both minerals and modest amounts of organic matter are much more common than either mineral or peat soils and are likely to show sorption behaviour that is composite between pure mineral and organic dominated systems. This is especially true at low pH, where enhanced sorption may be expected due to interaction of Co with humic materials. Also, in composite systems discrete HA colloids do not appear to form, most likely due to the strong bonding of HA to mineral surfaces reducing the propensity for HA solvation and dispersion in solution. In addition, in soils where there is a high amount of humic substances relative to clays, sorption to the clay fraction may be completely inhibited due to all AlOH sites being involved in clay-HA bonding and none being available for cation sorption. This would result in Co binding solely to the HA coating and thus sorption behaviour would be most similar to that of the pure HA system.
Finally these organo-mineral composite systems cannot be modelled in a component additivity approach. Therefore, the physiochemical characteristics of the composite must be so significantly different from the end-member phases that adsorption is not the simple linear combination of the end-member adsorptivities. This means that Co sorption to these composites cannot currently be predicted and more research is necessary in order to fully understand how organic and mineral phases in organo-mineral composites interact to potentially change the composite adsorptive properties.
CONCLUSION
The addition of HA to Fh and Ka enhances the amount of Co sorbed below pH 6, where there is typically little sorption. For the first time, Co sorption onto an iron (oxy)hydroxide was studied using EXAFS and its local molecular environment analysed. EXAFS and TEM data suggests that Co sorbs to all soil components through formation of similar inner-sphere bidentate multinuclear surface complexes at high pH, but at low pH Co sorption to Ka and HA is via outer-sphere complexation. We conclude that the formation of these inner-sphere bidentate multinuclear surface complexes at high pH constitute a universal uptake mechanism of Co onto soil materials. It was possible to fit the sorption data for the pure end-member systems invoking the sorption mechanisms identified by the EXAFS data. However, fixing the log K's in the composite models to the values from the pure end-member systems did not produce a good fit to the composite sorption data. Therefore, we conclude that Co sorption to Fh-HA and Ka-HA composites is non-additive and further work is required to understand how organic and mineral phases in organomineral composites interact and how this interaction potentially changes composite adsorptive properties.
